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Abstract: One way to assess the validity of elasticity is with the method of atomic simulations.
Molecular statics (MS) simulations are performed to study the interactions between H and edge
dislocations in bec iron using embedded-atom-method potential for a Fe-H system. The nature of
H-dislocation interactions can be investigated and the validity of elasticity can be examined. We show
that the sites with strong binding energy are found at the dislocation core, as well as in the slip plane,
suggesting high H concentrations can form along the slip plane. It is found that the interstitial H not
only interacts with hydrostatic stress, but also with the shear stresses generated by the dislocation,
especially on the slip plane. When the dislocation stresses are represented using anisotropic elasticity,
the validity of elasticity is at H-dislocation distance larger than ~19 A, i.e., the same as the isotropic
predictions. When H lies closer to the dislocation, good agreement with simulations is obtained if
considering all strains induced by H at the octahedral sites and using anisotropic elasticity.
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1. Introduction

Hydrogen embrittlement (HE) has been a long-standing, unresolved problem for
the safe use of almost all materials. Extensive researches have clarified that one of the
predominant reasons for HE is the interaction between H and dislocations [1-3]. In situ
straining in an environmental cell transmission electron microscope (TEM) showed that
H increases the mobilities of dislocations. Microscopic observations in austenitic stainless
steels, Al, Ni-Co and Ni revealed that H can inhibit cross-slip of dislocations, inducing
slip planarity [4,5]. The microstructure of fracture samples examined by TEM provided
evidence that H-induced flat fracture surfaces are the results of the activities of intensive
dislocations immediately beneath them. In situ electrochemical nanoindentation (ECNI)
showed that H enhances homogeneous dislocation nucleation (HDN) [6-8].

The prerequisite for H affecting dislocation activities is H binding around or interacting
with dislocations. The H-dislocation interactions can be modeled directly by atomistic
simulations. For example, density function theory (DFT) calculations [9] and molecular
static (MS) simulations [10,11] have given the binding energies of a single H atom with
dislocations. More details of the interactions, including H binding sites [10], distribution
of binding energies [12], and H migration path [10-13] have been discussed carefully.
However, atomistic studies are mostly focused on the simple cases where H is interacting
with only one or two dislocations, or H is binding around a slow dislocation [14-16]. When
the interactions occur between H atoms and multiple dislocations and cost a lot of time
(e.g., H diffusion to dislocations), atomistic simulations are not so applicable.
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Alternatively, elasticity theory is also extensively used to study solute-dislocation
interaction [17,18]. Cottrell et al. [19,20] gave the detailed theory of the distribution of
solute atoms which interact weakly with a slowly gliding dislocation. They first modelled
solute atoms as elastic inclusions in an isotropic continuum matrix and considered the
strains induced by solutes were homogeneous; the binding energy was estimated as the
elastic interaction between the pressure created by a dislocation and the volume change
induced by solutes. This assumption may be valid for interactions between vacancies or
substitutions with dislocation. However, for interstitials (such as C interstitial in bec Fe),
where the generated strains by interstitials are asymmetric, the above assumption may
be questionable. To overcome this shortcoming, Cochardt et al. [21] improved Cottrell’s
work by taking the interaction between shear strain associated with solutes and shear stress
created by a dislocation into consideration. Later, the dislocation stress field calculated
using anisotropic elasticity was applied to describe solute-dislocation interaction [22]. Up
to now, elasticity has been widely applied to investigate the solute atmosphere around
dislocation, dislocation motion with solutes, solute-dislocation junction interaction, and
solute strengthening of dislocation [14,23-25]. Despite its wide success, the reliability and
accuracy of elastic theory remains to be examined.

One way to assess the validity of elasticity is with the method of atomic simulations
(e.g., DFT, MD/MS). In this way, solute—dislocation interaction obtained from elasticity
and simulations are compared, the valid range of elasticity can therefore be carried out
and the proper refinement can be made [26,27]. Such an approach has been applied to
study the interaction between interstitial Ni and edge dislocation in fcc Ni [28]. It showed
that interaction energy calculated using isotropic elasticity yields reasonable agreement
with atomistic results if the distance between the interstitial Ni atoms and the dislocation
core is further than 3b (~7.5 A). Clouet et al. [29] investigated the applicability of isotropic
elasticity and anisotropic elasticity to C-dislocation interactions in bcc iron and found that
if considering both the dilatation and the tetragonal distortion induced by C, anisotropic
predictions quantitatively agree with simulation results. Further, they discussed the valid
range of anisotropic elasticity and found that, for a screw dislocation, C-dislocation binding
energy predicted by anisotropic elasticity is in very good agreement with atomistic simu-
lations except for the dislocation core; for an edge dislocation, the elasticity only models
C-dislocation interactions at a distance greater than 20 A from the core. For the lighter H
atom, the validity of elastic predictions has been identified in fcc Ni [28,30]; however, in
bcc iron, where H usually occupies a tetrahedral site and causes asymmetric strains, the
reliability of elasticity has not been examined.

In this study, MS simulations are performed to study the interactions between H and
edge dislocations in bce iron using embedded-atom-method potential for the Fe-H system.
Interactions computed by MS are then compared with elasticity theory. Therefore, the
nature of H-dislocation interactions can be investigated and the validity of elasticity can
be examined.

2. Atomistic Simulations
2.1. Interatomic Potential

For Fe-H system, a Finnis-Sinclair (F-S) type EAM potential, newly developed by
Wen et al. [18], is applied to describe the interatomic behaviors. The Fe-Fe interaction of
this potential is taken from the work of Ramasubramaniam et al. [10,11], which predicts
the compact core structure of the screw dislocation in bec iron based on density function
theory (DFT) calculations. The cross Fe-H interaction and the H-H interaction of the
potential is reproduced based on our DFT calculations, which describes repulsive H-
H interactions. The binding energy distribution of H and dislocation was obtained by
atomic simulation. According to the distribution of hydrogen binding energy near the
edge dislocation, the maximum binding energy is 0.46 eV. Similarly, we also calculate
the distribution of hydrogen binding energy near the screw dislocation. The maximum
binding energy is 0.30 eV, which is close to the results of DFT calculations [31] and other
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atomic simulations [9]. The location of the maximum binding energy is near the dislocation
core ~3.0 A, while the attraction of hydrogen atoms to the geometrical center of the screw
dislocation is weak. Due to the structural characteristics of the triple symmetry of the screw
dislocation core, the geometric shape of the position of the maximum binding energy is
triple-symmetric about the elastic center of the dislocation, which is consistent with the
DFT results. Thus, this new potential can avoid unrealistic clustering of H atoms. The new
EAM potential accurately reproduces the dissolution heat of H (0.33 eV) in bec Fe, and the
binding energies of H with edge (0.47 eV) and screw (0.30 eV) dislocations, which are in
excellent agreement with DFT results.

2.2. Details of Atomistic Simulation

A cylindrical cell with a radius of 15 nm and a length of ~2 nm along the z axis is
created for simulations. An edge dislocation is placed at the center of the cylinder, with
x, Yy, and z axes parallel to [111], [-110] and [-1-12] directions. The dislocation is designed
with linear direction along z axes and created by displacing the atoms according to their
displacement fields calculated from the sextic formalism of Stroh. Periodic boundary
conditions are applied in the z directions. Atoms located in the outer shell of the cylinder
with a thickness of 1 nm are fixed, while the other atoms are allowed to move freely in the
relaxation process. After the creation of an edge dislocation, the whole system is relaxed
under the above boundary conditions by the conjugate gradient (CG) method.

3. Results
3.1. Atomistic Binding Energy

After relaxation of the dislocation, a H atom is introduced into the simulation cell to
study H-dislocation interactions. Possible H-occupying sites in bec iron are tetrahedral sites
(T sites) and there are six T sites around a central Fe. Since there are four layers of Fe atoms
packing along the [-1-12] directions, any one layer of them was chosen as the central atoms.
All the T sites around these Fe atoms are considered as the H pre-placing sites. Then, the
simulation cell containing H and the dislocation was relaxed using the CG method again.

The binding energy E” between H and the dislocation is estimated as:

Eb =+ EH - (Ef + EO) )

where E is the energy of the system containing the dislocation, E is the energy of the
system containing one H atom at T site, E; is the energy of the system containing one H
atom and the dislocation, and EV is the energy of the perfect lattice. By this estimation, a
positive binding energy indicates attraction between H and the dislocation.

Following the above description, the binding energies of H around the dislocation can
be obtained. It is found that if the initial separation distance between H and dislocation
is less than 1 nm and there are only constraining atoms in the outer shell of the cylinder
during relaxation, the dislocation can be attracted by H and slip toward it. The obtained
binding energy is in fact the binding energy between H and dislocation core. A similar
phenomenon is also observed in H-dislocation interactions in fcc Ni [32]. The explanation
for this phenomenon is simply that the attractive force at short H-dislocation distance is
larger than the Peierls stress (~1 MPa/A) of the straight edge dislocation in Fe [33,34]. In
order to obtain accurate H-dislocation binding energies, when relaxing, only Fe atoms in
the neighborhood of the interstitial H are allowed to move, while other atoms are fixed
to constrain the dislocation. Because H-induced distortion in bec Fe occurs in short range
and the content is very small, fixing atoms away from H may not influence H-dislocation
interactions. It is found that fixing atoms 5 A away from H is proper to describe H-
dislocation interactions, since this produces the maximum binding energy of 0.468 eV,
which is only 0.4% lower than the binding energy (0.47 eV).
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3.2. Results of Atomistic Simulations

H binding energies are displayed as a function of H positions in Figure 1, where
Fe atoms are represented as small black spheres, and H positions are represented as
large spheres. Sites with strong H-dislocation binding energy are distributed around the
dislocation core. The maximum H-dislocation binding energy arises just beneath the slip
plane, at a distance of ~1.5 A from the core. The maximum binding energy is 0.468 eV. It
is noted that the binding energy spreads widely in the slip plane in Figure 1. The similar
observations are obtained in interactions between H and an <111> {112} edge dislocations,
as well as between H and {111} <110> edge dislocation in Ni. It seems likely that H
distribution can spread in the slip planes of edge dislocations whether the core structure
is compact or dissociated [35]. This is contrary to the isotropic elasticity in that there is
no interaction between a solute (H) and an edge dislocation if the solute is located in
the slip plane, since the pressure created by the dislocation in the slip plane is zero [26].
Considering the typical stress exerting in the slip plane is shear stress, thus, H interacting
with shear stresses can be assumed.
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Figure 1. Distribution of binding energy around an edge dislocation. Small black spheres balls
represent Fe atoms; large spheres represent the stable H binding sites.

More details of the distribution of H-dislocation binding energy in the slip plane can
be obtained from Figure 2, where the binding energy is plotted as a function of the distance
from the dislocation core. The insertion in Figure 2 shows the position of the neighboring
T sites relative to the central Fe atom; from which it is seen T4-6 sites are located above
the center atom, while T1-3 sites lie below it. By this definition, T5 sites lie in the slip
plane; T4 sites and T6 sites are located ~0.5 A below the slip plane viewed along z axis.
The H-dislocation binding energies at T4—6 are presented. It is very clear that the binding
energies at T5 are in symmetry with respect to the core, or the binding energies at T5 are
symmetrical with respect to the core (x = 0), while the binding energies at T4 and T6 are not
symmetrical to the core. It also shows that the binding energies at T6 overlap the binding
energies of T5 at x < 0, while the binding energies at T6 are lower than the ones at T5 at x > 0.
When the H-dislocation distance is greater than 1 nm at x > 0, the obtained binding energies
are even slightly negative, indicating weak repulsive interaction between the defects. At T6
sites, the opposite features to T4 are observed. The observation of negative binding energies
as well as the asymmetry distribution at T4 and T6 conflicts with the prediction of isotropic
elasticity. From isotropic elasticity, the binding energy is positive on the tension side and
symmetrical to the core because of the symmetric distribution of pressure generated by
the dislocation.
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Figure 2. H-dislocation binding energy as a function of distance from the dislocation core with H
preplaced at T4, T5 and T6 sites. The insertion displays the positions of T sites relative to the central
Fe atom. The large gold spheres represent Fe atoms and the gray ones represent the neighboring
T sites.

4. Discussion
4.1. H Interaction with Dislocation

When hydrogen atoms enter the strain field of other defects, they interact. The strength
of the interaction is expressed by the binding energy. When the strain field of other defects
is present, it will interact with them, and the strength of the interaction is expressed by the
binding energy. When the strain is small, Ep;,; can be approximated by linear elasticity
theory. Assume that the strain tensor caused by hydrogen at volume vy is ¢;;, and the stress
field of the defect is Tij, where i, j = 1,3, when elastic deformation occurs:

b d
E’ =) ij=1,3008ij07] 2)

where vy is the volume of a Fe atom, ¢;; is the homogeneous strains induced by H, and
0'3 represents the stress tensors created by the dislocation. To calculate the homogeneous
strains induced by H, elastic calculation coupled with atomistic simulations are conducted.
In elasticity, a point defect can be modelled as force moment tensors I';; considering the
defect as a point force source [36]. I';; can be directly calculated from atomistic simulations.
Assuming a simulation box containing a point defect generates stress tensors 0, the force
moment tensors pj; are: j; = — %1’ ij, where V is the volume of the box. Due to the symmetry
of T sites in the bcc lattice, the T sites generate different force moment tensors depending
on their positions relative to the central atom. Following the positions of T sites in the
insertion of Figure 2, the strains of these sites in the cubic unit cell can be deduced as
follows: T1 and T5 sites generate pyxy = pyy 7 pzz, T2 and T4 sites generate p., = pyy 7 Pxx
and T3 and T6 sites generate p., = pxx # pyy. For example, if H occupies a T3 site, it induces
Pxx = Pzz = 3.7556 €V and py,, = 3.3586 eV. After obtaining the force moment tensors, the
H-induced strains are estimated as follows:
C11pxx—Cr2 P
€11 = Zflo (Cllllcplz)(clllafgycn)

6y = L T2C12Pxt (CritCia)pyy
22 = vy " (Ci—C2)(Cr1 +2C12)

®)
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where Cy1 = 243.33 GPa and Cy, = 145.05 GPa are the elastic constants used in the EAM
potential. Thus, the strains of a T3 site are €11 = €33 = 0.112, €3 = 0.056 and obviously H
creates asymmetric strains in bec iron. When the crystal is rotated to be parallel to the
dislocation orientation, the transformation of the strains is deduced by: ¢ = CeCT, where
C is the transformation matrix which transforms the coordinates from reference state (a
box with axis in <100> directions) into new state (a box with axis parallel to the dislocation
orientation) and C is the transpose of C. The strains at various T sites thus are computed.
If one only considers the dilatation of H interstitials, i.e., all components of gjj are

equal, the interaction reduces to:
E' = —pAV (4)

where p = —1/3)_0j; is the pressure created by the dislocation and AV is the volume
i

expansion of H in Fe. The value of AV is 3.26 A3 calculated from the corresponding dipole
tensor following the method of Schober and Ingle.

When studying H-dislocation interactions, one can use either anisotropic elastic-
ity or isotropic elasticity to describe the stress tensors created by the dislocation [26,37].
For anisotropic calculations the elastic constants given by the EAM potential are used:
C11 =243.33 GPa, Cqp = 145.05 GPa and Cy4 = 116.15 GPa. For isotropic elasticity, the equiv-
alent elastic constants are needed. In our study, the shear modulus y and Poisson’s ratio
v are obtained by the Voigt average of elastic constants given by the potential, which are
u =89.3 GPa and v = 0.285, respectively.

4.2. Comparison with Atomistic Simulations

A comparison of the H-dislocation binding energies between atomistic simulations
and isotropic elasticity are presented in Figure 3. Two types of calculations are performed
using elasticity to study H-dislocation interactions: calculations only considering dilation
and calculations considering all strains induced by H. In these calculations, it is assumed
that H-induced strains in the strained crystal are the same as the ones generated at T sites
in the perfect crystal. Considering the strains of the crystal induced by a dislocation is
small except the core region, this assumption is reasonable. When H is pre-placed at T5
sites (Figure 3a), perfect agreement between elasticity and simulations is observed at the H-
dislocation distance greater than ~19 A, and within this distance elasticity underestimates
the binding energies. Since elasticity predicts zero pressure precisely in the slip plane, if
one only considers the dilation effect of H placed close to the slip plane, there are weak
interactions between H and the dislocation. Moreover, the two calculations predict almost
the same binding energies. This is because H at T5 sites only generates strains along the
axis but no shear components, and the calculations using Equations (2) and (4) are identical.
However, when H is placed at T4 sites, which generates a shear component €15 = 2.27%, the
situation changes. Based on Figure 4b, it is clear that, if considering all strains induced by
H, the obtained binding energies agree better with simulations than those considering only
dilation. Thus, shear strains are attributed to H-dislocation interactions. It is noted that the
shear stress created by the edge dislocation at x < 0 is negative, because the product of o1,
is negative at x <0 (i.e., repulsive H-dislocation interactions), while the 0{12812 is positive
atx > 0, (i.e., attractive H-dislocation interactions). Therefore, the H-dislocation binding
energies are lower at x <0 than the ones at x > 0 at T4 sites, as presented in Figure 2. Because
T6 sites and T4 sites generate the same axial strains, but the opposite and equivalent shear
strains, the results at T6 sites are the reflection of the ones at T4 sites with respect to x =0
(Figure 2).
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Figure 3. Binding energies between a H atom and an edge dislocation for different x positions with
H pre-placed at T5 sites (a) and T4 sites (b) in the slip plane. The elasticity considers only dilation or
all strain components induced by H, using isotropic elasticity or anisotropic elasticity.
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Figure 4. Binding energies between a H atom and an edge dislocation for different y positions with
H pre-placed at T5 sites (a) and T4 sites (b), along the y axis. The elasticity considers only dilation or
all strain components induced by H, using isotropic elasticity or anisotropic elasticity.

When the dislocation stresses are represented using anisotropic elasticity, the validity
of elasticity is at H-dislocation distance larger than ~19 A, i.e., the same as the isotropic
predictions. However, the two types of calculations predict almost the same binding
energies at both T5 sites and T4 sites (Figure 3b). Since anisotropic elasticity predicts
binding energies including multiple shear strains (g1, €13 and &3) effect, while isotropic
elasticity only contains contribution of €15, the binding energies using anisotropic elasticity
are the collective effect of all these strain components and may lead to equivalent results to
those only considering dilation.

A comparison of the binding energies in the <-110> direction is made in Figure 4,
where the x component of interstitial sites to the core is about 1.5 A and the y component
varies. It is clear elasticities agree fairly well with simulations considering only dilation or
all stress components, using isotropic elasticity or anisotropic elasticity. The valid range
of elasticity is greater than 5 A from the core. This cutoff distance is very close to the core
radius ~2b usually applied in other studies.

4.3. Influences of Octahedral Sites

Instead of assuming H occupying T sites when stable, one can assume that H occupies
an octahedral site (O site). In fact, O sites can have stronger H trap-energy than T sites in
bcc iron under pure shear strains, depending on the position of H relative to the central
Fe [38,39]. Anisotropic strains in bec iron can induce a solution energy at an O site as low
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as that at T site, resulting in enhancement of H atmosphere. Considering the complicated
stress fields around a dislocation and the short distance between a T site and a neighboring
Ossite (~0.71 A), H may easily migrate to neighboring O sites from initial T sites. There are
two nearest O sites in the neighborhood of a T site; the relative positions of the T sites and
O sites are represented in Figure 5a,b. A comparison of the simulation results and elasticity
assuming H at T5 sites or O2 sites or O6 sites is displayed in Figure 6. It is seen that the
elastic calculations assuming hydrogen at O sites agree better with simulations near the
core than that at T sites, while the calculations at T sites precisely agree with simulations
far away from the core.

(a)

0.6
O simulations
d anisotropic (T5)
I\ ---- anisotropic (06
na [ Te) i o s
v.a |y anisotropic (U2)
i)/ 0.2 Co '\‘ o
R AT —
0.0 @eo0® !
\ ‘f v
0.2 - RS - .
30 20 -10 0 10 20 30
x (A)

Figure 5. Binding energies between a H atom and an edge dislocation for different x positions
assuming H at T5 sites or O2 sites or O6 sites. The stresses of the dislocation are represented using
isotropic and anisotropic elasticity. (a) the two O sites closest point to T, (b) the relative positions of
the T sites and O sites.

The results can be roughly divided into three stages:

1.  The first stage where |x| > 19 A, and elasticity assuming H at T5 sites accurately
describes the binding energy, while O sites overestimate (O6) or underestimate (O2)
the energies;

2. The second stage (9 A < x| <19 A), where atomistic results are in the middle of the
results at T5 sites and at O6 sites (x < 0) or O2 sites (x > 0);

3. The third stage (Ix| <9 A), where elastic calculations underestimate the binding
energies.
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Figure 6. Equilibrium configurations show the relative H positions in different stages. (a—c) represent

the configurations of point A, B and C in Figure 5, respectively. Projection on the x plane is displayed
on the left and projection on the z plane is on the right. The gold spheres represent Fe atoms and the
red spheres represent H atoms.

The equilibrium configurations of H-dislocation interactions are presented in Figure 6
to observe the position of a H atom relative to the central Fe. The configurations correspond
to the labels in Figure 6, and represent H-dislocation structures in the three stages mentioned
above. The observation is performed along both x axis and z axis and the results are
presented in Figure 6 on the left (along x axis) and right (along z axis). In Figure 6a, H is
located in the upper triangle and towards the edge viewed from x direction; projection in
the z plane shows H placed between two Fe arrays and closer to the right array. Therefore,
H occupies a T5 site at point A. H lies just beside the midpoint of two Fe arrays in Figure 6b,
while precisely at the middle point in Figure 6¢c when viewed in the x direction. When
viewed from the z direction, H is located at the midpoint of Fe arrays in the neighboring
planes. A comparison of H positions in Figure 6 and the sites in Figure 1 reveals that H
prefers to occupy an O2 site at point C and a site closer to O2 at point B.

The H-dislocation interaction further from the core is intrinsically the product of
strains induced by H and stress tensors generated by the dislocation. In the slip plane,
the contribution from axial stresses is negligible (weak axial stresses), and the dominant
interactions are shear strains with shear tensors [40]. From the point of view of energy, H
prefers to occupy an octahedral site rather than a tetrahedral site to lower the total energy
of the system, since at an octahedral site H induces ~0.2 shear strain (exy), eight times that
induced at a tetrahedral site. A large number of hydrogen atoms can be trapped in the slip
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plane forming a wide area of H atmosphere around the dislocation, which exerts a strong
drag effect for slipping dislocations [14,41].

5. Conclusions

The interaction between H and an edge dislocation in bec iron is investigated using
EAM potential for a H-Fe system. The sites with strong binding energy are found at the
dislocation core, as well as in the slip plane, suggesting high H concentration can form
along the slip plane. The interstitial H not only interacts with hydrostatic stress, but also
with the shear stresses generated by the dislocation, in particular the slip plane.

The atomistic simulations are then used to check the applicability of elastic theory.
When the separation distance between H and dislocation is greater than 19 A, elasticity
quantitatively predicts H-dislocation interaction. One can use isotropic or anisotropic
elasticity to describe this interaction, since the predictions made by them only generate
slight differences. When H lies closer to the dislocation, good agreement with simula-
tions is obtained if considering all strains induced by H at the octahedral sites and using
anisotropic elasticity.

Author Contributions: Conceptualization, Y.Z. and P.Y.; methodology, P.Y.; software, P.Y.; validation,
Y.Z. and L.Z.; formal analysis, Y.Z. and L.Z.; resources, Y.Z.; data curation, Y.Z.; writing—original
draft preparation, Y.Z. and P.Y.; writing—review and editing, Y.Z., P.Y. and L.Z.; supervision, L.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Laboratory of E&M (Zhejiang University of Technol-
ogy), Ministry of Education, Zhejiang Province (EM2021120104). This research was supported by the
Department of Education of Zhejiang Province (KP05102L01).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Song, J.; Curtin, W.A. Atomic mechanism and prediction of hydrogen embrittlement in iron. Nat. Mater. 2013, 12, 145-151.
[CrossRef]

2. Robertson, I.M.; Sofronis, P.; Nagao, A.; Martin, M.L.; Wang, S. Hydrogen Embrittlement Understood. Met. Mater. Trans. B 2015,
46,1085-1103. [CrossRef]

3. Zheng, Y.Y; Yu, P; Zhang, K.Y.; Zhang, L. Coupling effect of grain boundary and hydrogen segregation on dislocation nucleation
in bi-crystal nickel. Int. . Hydrogen Energy 2020, 45, 20021-20031. [CrossRef]

4.  Dwivedi, S.K; Vishwakarma, M. Hydrogen embrittlement in different materials: A review. Int. J. Hydrogen Energy 2018, 43,
21603-21616. [CrossRef]

5. Deng, Y.; Hajilou, T.; Wan, D.; Kheradmand, N.; Barnoush, A. In-situ micro-cantilever bending test in environmental scanning
electron microscope: Real time observation of hydrogen enhanced cracking. Scr. Mater. 2017, 127, 19-23. [CrossRef]

6. Neeraj, T.; Srinivasan, R.; Li, ]. Hydrogen embrittlement of ferritic steels: Observations on deformation microstructure, nanoscale
dimples and failure by nanovoiding. Acta Mater. 2012, 60, 5160-5171. [CrossRef]

7. Barnoush, A.; Kheradmand, N.; Hajilou, T. Correlation between the hydrogen chemical potential and pop-in load during in situ
electrochemical nanoindentation. Scr. Mater. 2015, 108, 76-79. [CrossRef]

8.  Barnoush, A.; Asgari, M.; Johnsen, R. Resolving the hydrogen effect on dislocation nucleation and mobility by electrochemical
nanoindentation. Scr. Mater. 2012, 66, 414-417. [CrossRef]

9.  Zhao, Y,; Lu, G. QM/MM study of dislocation-hydrogen/helium interactions in «-Fe. Modell. Simul. Mater. Sci. Eng. 2011,
19, 065004. [CrossRef]

10. Tang, Y.Z.; El-Awady, ].A. Atomistic simulations of the interactions of hydrogen with dislocations in fcc metals. Phys. Rev. B 2012,
86,174102. [CrossRef]

11. Ramasubramaniam, A.; Itakura, M.; Carter, E.A. Interatomic potentials for hydrogen in a-iron based on density functional theory.
Phys. Rev. B 2009, 79, 174101. [CrossRef]

12.  Lu, T; Xu, Y.-P; Pan, X.-D.; Zhou, H.-S.; Ding, F; Yang, Z.S.; Niu, G.-J.; Luo, G.-N,; Li, X.-C.; Gao, F. Atomistic study of hydrogen
behavior around dislocations in « iron. . Nucl. Mater. 2018, 510, 219-228. [CrossRef]

13. Kimizuka, H.; Ogata, S. Slow diffusion of hydrogen at a screw dislocation core in «-iron. Phys. Rev. B 2011, 84, 024116. [CrossRef]

14. Nowak, C.; Zhou, X.W. An interplay between a hydrogen atmosphere and dislocation characteristics in BCC Fe from time-

averaged molecular dynamics. Phys. Chem. Chem. Phys. 2023, 25, 8369-8375. [CrossRef]


https://doi.org/10.1038/nmat3479
https://doi.org/10.1007/s11663-015-0325-y
https://doi.org/10.1016/j.ijhydene.2020.04.291
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.1016/j.scriptamat.2016.08.026
https://doi.org/10.1016/j.actamat.2012.06.014
https://doi.org/10.1016/j.scriptamat.2015.06.021
https://doi.org/10.1016/j.scriptamat.2011.12.004
https://doi.org/10.1088/0965-0393/19/6/065004
https://doi.org/10.1103/PhysRevB.86.174102
https://doi.org/10.1103/PhysRevB.79.174101
https://doi.org/10.1016/j.jnucmat.2018.08.018
https://doi.org/10.1103/PhysRevB.84.024116
https://doi.org/10.1039/D2CP05024B

Metals 2023, 13, 1267 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zheng, Z.L.; Yi, M.; Wang, S. Abnormal trapping of hydrogen in the elastic stress field of dislocations in body-centered cubic iron.
Int. J. Hydrogen Energy 2022, 47, 39255-39264. [CrossRef]

Simpson, E.L.; Paxton, A.T. Effect of applied strain on the interaction between hydrogen atoms and 1/2 <111> screw dislocations
in o-iron. Int. . Hydrogen Energy 2020, 45, 20069-20079.

Nag, S.H.; Varvenne, C.; Curtin, W.A. Solute-strengthening in elastically anisotropic fcc alloys. Model. Simul. Mater. Sci. Eng. 2020,
28, 025007. [CrossRef]

Rao, S.I.; Woodward, C.; Akdim, B. Solid solution softening and hardening in binary BCC alloys. Acta Mater. 2023, 243, 118440.
[CrossRef]

Cottrell, A.H.; Jaswon, M. A. Distribution of solute atoms round a slow dislocation. Proc. Proc. R. Soc. A 1949, 199, 104-114.
Mavrikakis, N.; Detlefs, C.; Cook, PK.; Kutsal, M.; Campos, A.P.C.; Gauvin, M.; Calvillo, PR.; Saikaly, W.; Hubert, R.; Poulsen,
H.E; et al. A multi-scale study of the interaction of Sn solutes with dislocations during static recovery in «-Fe. Acta Mater. 2019,
174, 92-104. [CrossRef]

Cochardt, A.W.; Schoek, G.; Wiedersich, H. Interaction between dislocations and interstitial atoms in body-centered cubic metals.
Acta Metall. 1955, 6, 533-537. [CrossRef]

Koguchi, H.; Hirasawa, Y. Stress and Displacement Fields Around Misfit Dislocation in Anisotropic Dissimilar Materials with
Interface Stress and Interface Elasticity. J. Appl. Mech. Aug. 2015, 82, 081005. [CrossRef]

Cai, W,; Sills, R.B.; Barnett, D.M.; Nix, W.D. Modeling a distribution of point defects as misfitting inclusions in stressed solids. J.
Mech. Phy. Solids 2014, 66, 154-171. [CrossRef]

Varvenne, C.; Leyson, G.PM.; Ghazisaeidi, M.; Curtin, W.A. Solute strengthening in random alloys. Acta Mater. 2017, 124, 660-683.
[CrossRef]

Siddique, A.B.; Khraishi, T.A. Multi-scale modeling of solute atom strengthening using 3D discrete dislocation dynamics. ]. Mater.
Sci. 2022, 57, 10613-10626. [CrossRef]

Fellinger, M.R.; Hector, L.G., Jr.; Trinkle, D.R. Solutes that reduce yield strength anisotropies in magnesium from first principles.
Phys. Rev. Mater. 2022, 6, 013607. [CrossRef]

Wang, P; Song, Z.C.; Li, Q.Q.; Wang, H.T. Atomistic simulation for the interaction between dislocation and solute atoms, clusters,
and associated physical insights. ]. Appl. Phys. 2020, 128, 024301. [CrossRef]

Nohring, W.G.; Curtin, W.A. Dislocation cross-slip in fcc solid solution alloys. Acta Mater. 2017, 128, 135-148. [CrossRef]
Clouet, E.; Garruchet, S.; Nguyen, H.; Perez, M.; Becquart, C.S. Dislocation interaction with C in a-Fe: A comparison between
atomic simulations and elasticity theory. Acta Mater. 2008, 56, 3450-3460. [CrossRef]

Zheng, Z.Q.; Chen, ] W.; Zhu, Y.X.; Zhao, L.; Huang, M.S,; Liang, S.; Li, Z.H. An atomistically-informed phase-field model for
quantifying the effect of hydrogen on the evolution of dislocations in FCC metals. Int. J. Plast. 2021, 138, 102937. [CrossRef]
Maresca, F. Screw dislocation structure and mobility in body centered cubic Fe predicted by a Gaussian Approximation Potential.
Comp. Mater. Sci. 2018, 1, 7. [CrossRef]

Zheng, Z.Q.; Liang, S.; Zhu, Y.X.; Huang, M.S.; Li, Z.H. Studying hydrogen effect on the core structure and mobility of dislocation
in nickel by atomistically-informed generalized Peierls-Nabarro model. Mech. Mater. 2020, 140, 103221. [CrossRef]

Borges, PPP.O.; Clouet, E.; Ventelon, L. Ab initio investigation of the screw dislocation-hydrogen interaction in bcc tungsten and
iron. Acta Mater. 2022, 234, 118048. [CrossRef]

Tsuru, T.; Suzudo, T. First-principles calculations of interaction between solutes and dislocations in tungsten. Nucl. Mater. Energy
2018, 16, 221-225. [CrossRef]

Taketomi, S.; Matsumoto, R.; Miyazaki, N. Atomistic study of hydrogen distribution and diffusion around a {112} <111> edge
dislocation in alpha iron. Acta Mater. 2008, 56, 3761-3769.

Aubry, S.; Fitzgerald, S.P,; Arsenlis, A. Methods to compute dislocation line tension energy and force in anisotropic elasticity.
Model. Simul. Mater. Sci. Eng. 2014, 22, 015001. [CrossRef]

Bakaev, A.; Terentyev, D.; Chang, Z.; Posselt, M.; Olsson, P.; Zhurkin, E.E. Effect of isotropic stress on dislocation bias factor in bee
iron: An atomistic study. Philos. Mag. 2018, 98, 54-74. [CrossRef]

Ohsawa, K.; Eguchi, K.; Watanabe, H.; Yamaguchi, M.; Yagi, M. Configuration and binding energy of multiple hydrogen atoms
trapped in monovacancy in bec transition metals. Phys. Rev. B 2012, 85, 094102. [CrossRef]

Ramunni, V.P; Pascuet, M.I,; Castin, N.; Rivas, A.M.F. The influence of grain size on the hydrogen diffusion in bcc Fe. Comp.
Mater. Sci. 2021, 188, 110146. [CrossRef]

Vitek, V.; Mrovec, M.; Bassani, ].L. Influence of non-glide stresses on plastic flow: From atomistic to continuum modeling. Mater.
Sci. Eng. A 2004, 365, 31-37. [CrossRef]

Katzarov, LH.; Drenchev, L.B.; Pashov, D.L.; Zarrouk, TN.A.T.; Al-lahham, O.; Paxton, A.T. Dynamic strain aging and the role of
the Cottrell atmosphere. Phys. Rev. Mater. 2022, 6, 063603. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijhydene.2022.09.068
https://doi.org/10.1088/1361-651X/ab60e0
https://doi.org/10.1016/j.actamat.2022.118440
https://doi.org/10.1016/j.actamat.2019.05.021
https://doi.org/10.1016/0001-6160(55)90111-5
https://doi.org/10.1115/1.4030522
https://doi.org/10.1016/j.jmps.2014.01.015
https://doi.org/10.1016/j.actamat.2016.09.046
https://doi.org/10.1007/s10853-022-07077-z
https://doi.org/10.1103/PhysRevMaterials.6.013607
https://doi.org/10.1063/5.0009814
https://doi.org/10.1016/j.actamat.2017.02.027
https://doi.org/10.1016/j.actamat.2008.03.024
https://doi.org/10.1016/j.ijplas.2021.102937
https://doi.org/10.1038/s41524-018-0125-4
https://doi.org/10.1016/j.mechmat.2019.103221
https://doi.org/10.1016/j.actamat.2022.118048
https://doi.org/10.1016/j.nme.2018.07.007
https://doi.org/10.1088/0965-0393/22/1/015001
https://doi.org/10.1080/14786435.2017.1390325
https://doi.org/10.1103/PhysRevB.85.094102
https://doi.org/10.1016/j.commatsci.2020.110146
https://doi.org/10.1016/j.msea.2003.09.004
https://doi.org/10.1103/PhysRevMaterials.6.063603

	Introduction 
	Atomistic Simulations 
	Interatomic Potential 
	Details of Atomistic Simulation 

	Results 
	Atomistic Binding Energy 
	Results of Atomistic Simulations 

	Discussion 
	H Interaction with Dislocation 
	Comparison with Atomistic Simulations 
	Influences of Octahedral Sites 

	Conclusions 
	References

